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UAV-to-UAV Communications in Cellular Networks
M. Mahdi Azari, Giovanni Geraci, Adrian Garcia-Rodriguez, and Sofie Pollin
Abstract—We consider a cellular network deployment where
UAV-to-UAV (U2U) transmit-receive pairs share the same spec-
trum with the uplink (UL) of cellular ground users (GUEs).
For this setup, we focus on analyzing and comparing the
performance of two spectrum sharing mechanisms: (i) underlay,
where the same time-frequency resources may be accessed by
both UAVs and GUEs, resulting in mutual interference, and (ii)
overlay, where the available resources are divided into orthogonal
portions for U2U and GUE communications. We evaluate the
coverage probability and rate of both link types and their
interplay to identify the best spectrum sharing strategy. We do so
through an analytical framework that embraces realistic height-
dependent channel models, antenna patterns, and practical power
control mechanisms. For the underlay, we find that although the
presence of U2U direct communications may worsen the uplink
performance of GUEs, such effect is limited as base stations
receive the power-constrained UAV signals through their antenna
sidelobes. In spite of this, our results lead us to conclude that in
urban scenarios with a large number of UAV pairs, adopting an
overlay spectrum sharing seems the most suitable approach for
maintaining a minimum guaranteed rate for UAVs and a high
GUE UL performance.
Index Terms—UAV-to-UAV communications, D2D communica-
tions, cellular networks, spectrum sharing, stochastic geometry.
I. INTRODUCTION
The telecommunications industry and academia have long
agreed on the social benefits that can be brought by having
cellular-connected unmanned aerial vehicles (UAVs) [1]–[6].
These include facilitating search-and-rescue missions, acting
as mobile small cells for providing coverage and capacity
enhancements, or automating logistics in indoor warehouses
[7]–[9]. From a business standpoint, mobile network operators
may benefit from offering cellular coverage to a heterogeneous
population of terrestrial and aerial users [10]–[12].
A. Motivation and Related Work
A certain consensus has been reached—both at 3GPP
meetings and in the classroom—on the fact that present-day
networks will be able to support cellular-connected UAVs up to
a certain extent [13]–[18]. Besides, recent studies have shown
that 5G-and-beyond hardware and software upgrades may be
required by both mobile operators and UAV manufacturers to
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target large populations of UAVs flying at high altitudes [19]–
[22].
However, important use-cases exist where direct communi-
cation between UAVs, bypassing ground network infrastruc-
ture, would be a key enabler. These include autonomous flight
of UAV swarms, collision avoidance, and UAV-to-UAV relay-
ing, data transfer, and gathering [23]–[25]. Similarly to ground
device-to-device (D2D) communications [26]–[30], UAV-to-
UAV (U2U) communications may also have implications in
terms of spectral and energy efficiencies, extended cellular
coverage, and reduced backhaul demands.
B. Methodology and Contribution
In this paper, we consider a cellular network deployment
where UAV transmit-receive pairs share the same spectrum
with the uplink (UL) of cellular ground users (GUEs). We
examine two strategies for spectrum sharing, namely underlay
and overlay. In the underlay, UAVs are allowed to access a
fraction of the time-frequency physical resource blocks (PRBs)
available for the GUE UL, resulting in mutual interference. In
the overlay, the available PRBs are split into two orthogonal
portions, respectively reserved for each link type.
Through stochastic geometry tools, we characterize the per-
formance of U2U links and GUE UL, as well as their interplay,
under both spectrum sharing mechanisms. Specifically, we
evaluate the impact that the UAV altitude, UAV density, UAV
power control, U2U link distance, and the number of PRBs
accessed by each link type have on the coexistence of aerial
and ground communications. To the best of our knowledge,
this work is the first one to do so by accounting for: (i) a
realistic, height-dependent propagation channel model, (ii) the
impact of a practical base station (BS) antenna pattern, and (iii)
a fractional power control policy implemented by all nodes.
Under such realistic setup, we first obtain exact analytical
expressions for the coverage probability, i.e., the signal-to-
interference-plus-noise ratio (SINR) distribution, of all links
with both underlay and overlay approaches. As these expres-
sions may require a considerable effort to be numerically eval-
uated, we also propose tight approximations based on practical
assumptions. We validate both our exact and approximated
analysis through simulations, and provide numerical results
to gain insights into the behavior of U2U communications in
cellular networks.
C. Summary of Results
Our main takeaways can be summarized as follows.
• Link interplay: In the underlay, the presence of U2U links
may degrade the GUE UL. Such performance loss is limited
by the fact that BSs perceive interfering UAVs through
their antenna sidelobes, and UAVs can generally transmit
at low power thanks to the favorable U2U channel condi-
tions. However, the performance of both U2U and GUE
UL links worsens as UAVs fly higher. This is due to
an increased probability of line-of-sight (LoS)—and hence
interference—on all UAV-to-UAV, GUE-to-UAV, and UAV-
to-BS interfering links. Such negative effect outweighs the
benefits brought by having larger GUE-to-UAV and UAV-
to-BS distances.
• Power control policy: In the underlay, the UAV power
control policy has a significant impact on all links. A trade-
off exists between the performance of U2U and GUE UL
communications, whereby increasing the UAV transmission
power improves the former at the expense of the latter.
Moreover, smaller U2U distances can benefit both U2U
and GUE UL links. Indeed, owed to the reduced path loss
experienced by U2U pairs, UAVs may employ a smaller
transmission power and therefore reduce the interference
they cause to other U2U links and to GUEs.
• Spectrum allocation: In the underlay, where GUE-to-UAV
interference is dominant, the rate degradation at UAVs
caused by increasing their density is limited. However,
increasing the number of PRBs utilized by U2U pairs causes
a sharp performance degradation for GUEs, unless both
the UAV density and the UAV transmission powers are
limited. Implementing an overlay spectrum sharing approach
may be the best option in order to maintain a high GUE
UL performance while guaranteeing a minimum rate of
100 kbps to the majority of U2U pairs.
D. Article Outline
The remainder of this article is structured as follows. We
introduce the system model in Section II. In Section III, we
analyze the exact coverage probability of U2U and GUE
UL links under underlay and overlay spectrum sharing. In
Section IV, we derive more compact, tight approximations for
the coverage probability based on realistic assumptions. We
show numerical results in Section V to validate our analysis
and approximations, and we provide several takeaways to the
reader. We summarize our findings in Section VI.
II. SYSTEM MODEL
In this section, we introduce the network topology, channel
model, spectrum sharing, and power control mechanisms con-
sidered throughout the paper. The main notations employed
are summarized in Table I, whereas further details on the
parameters used in our study are provided in Table III.
A. Network Topology
We consider a cellular system as depicted in Fig. 1, where (i)
the UL transmissions of GUEs, and (ii) U2U transmit-receive
pairs reuse the same spectrum. In the sequel, we employ
the subscripts {u, g, b} to denote UAV, GUE, and BS nodes,
respectively.
i) Ground UL cellular communications: The BSs of the
ground cellular network are deployed at a height hb, are uni-
formly distributed as a Poisson point process (PPP) Φb ∈ R
2
with density λb, and communicate with their respective sets
of connected GUEs. Assuming that the number of GUEs is
sufficiently large when compared to that of the BSs, the active
GUEs on each PRB form an independent Poisson point process
Φg ∈ R
2 with density λg = λb [27]. We further consider
that GUEs associate to their closest BS, which generally also
provides the largest reference signal received power (RSRP).1
Therefore, the 2-D distance between a GUE and its associated
BS follows a Rayleigh distribution with a scale parameter
given by σg = 1/
√
2πλg. When focusing on a typical BS
serving its associated GUE, the interfering GUEs form a non-
homogeneous PPP with density λˆg(r) = λb(1 − e
−λbπr2),
where r is the 2-D distance between the interfering GUE and
the typical BS [27], [32], [33].
ii) Direct UAV-to-UAV communications: We consider that
U2U transmitters form a PPP Φu with intensity λu, and that
each U2U receiver is randomly and independently placed
around its associated transmitter with distance Ru distributed
as fRu(ru).
B. Spectrum Sharing Mechanisms
Let the available spectrum be divided into n PRBs. We
consider the two spectrum sharing strategies—underlay and
overlay— illustrated in Fig. 1 and described as follows.
Underlay in-band U2U: Each PRB may be used by both
link types [26]. In particular, we assume that:
• Each active GUE occupies all n PRBs. This is consistent
with a cellular operator’s goal of preserving the performance
of its legacy ground users [19], [20].
• Each U2U transmitter occupies a fraction ηu of all PRBs,
also employing frequency hopping to randomize its interfer-
ence to other links. Specifically, each U2U transmitter may
randomly and independently access ηu · n PRBs, where the
factor ηu ∈ [0, 1] measures the aggressiveness of the U2U
spectrum access, and is denoted the spectrum access factor
in the underlay. As a result, the density of interfering UAVs
is given by λˆu = ηu · λu.
Overlay in-band U2U: The available UL spectrum is split
into two orthogonal portions. A fraction ηu is reserved for U2U
communications, and UAVs access all ηu · n allocated PRBs
without frequency hopping. Similarly, the remaining fraction
ηg = 1 − ηu is reserved to the GUEs UL, and active GUEs
access all ηg ·n PRBs allocated. This approach results in each
GUE UL link being interfered only by other GUEs, and in
each U2U link being interfered only by other UAVs.
In scenarios with the same number of UAVs, it is worth
noting that UAVs will perceive more UAV-generated interfer-
ence in the overlay when compared to the underlay, since all
UAV pairs utilize the same PRBs. Accordingly, GUEs receive
no interference from the UAVs in the overlay, at the expense
of having to access only a subset of the available PRBs.
1A GUE may connect to a BS b other than the closest one a if its link is in
LoS with b and not with a. However, since the probability of LoS decreases
with the distance, such event is unlikely to occur [31].
Fig. 1. U2U communications sharing spectrum with the cellular UL. Blue solid (resp. red dashed) arrows indicate communication (resp. interfering) links.
In (a)—underlay in-band U2U—GUEs occupy the whole spectrum while UAVs occupy a fraction ηu, where mutual GUE-U2U interference occurs. In
(b)—overlay in-band U2U—the spectrum is split into orthogonal portions, with a fraction ηu reserved to UAVs.
C. Propagation Channel
We assume that any radio link between nodes x and y is
affected by large-scale fading ζxy, comprising path loss τxy
and antenna gain gxy, and small-scale fading ψxy.
Probability of LoS: We consider that links experience line-
of-sight (LoS) and non-LoS (NLoS) propagation conditions
with probabilities pLxy and p
N
xy, respectively. In what follows,
we make use of the superscripts ν, ξ ∈ {L,N} to denote LoS
and NLoS conditions on a certain link.
Path loss: The distance-dependent path loss between two
nodes x and y is given by
τxy = τˆxy d
αxy
xy , (1)
where τˆxy denotes the reference path loss, αxy is the path loss
exponent, and dxy =
√
r2xy + hxy
2, rxy, and hxy = |hx − hy|
represent the 3-D distance, 2-D distance, and height difference
between x and y, respectively. Table III lists the path loss
parameters employed in our study, which depend on the nature
of x and y.
Antenna gain: We assume that all GUEs and UAVs are
equipped with a single omnidirectional antenna with unitary
gain. On the other hand, we consider a realistic BS antenna
radiation pattern to capture the effect of sidelobes, which
is of particular importance in UAV-to-BS links [13], [20].
We assume that each BS is equipped with a vertical, N-
element uniform linear array (ULA), where each element has
directivity
gE(θ) = g
max
E sin
2 θ (2)
as a function of the zenith angle θ. The total BS radiation
pattern gb(θ) = gE(θ) · gA(θ) is obtained as the superposition
of each element’s radiation pattern gE(θ) and by accounting
for the array factor given by
gA(θ) =
sin2
(
Nπ(cos θ − cos θt)/2
)
N sin2
(
π(cos θ − cos θt)/2
) , (3)
where θt denotes the electrical downtilt angle. The total
antenna gain gxy between a pair of nodes x and y is given
by the product of their respective antenna gains.
Small-scale fading: On a given PRB, ψxy denotes the small-
scale fading power between nodes x and y. Given the different
propagation features of ground-to-ground, air-to-air, and air-
to-ground links, we adopt the general Nakagami-m small-scale
fading model. As a result, the cumulative distribution function
(CDF) of ψxy is given by
Fψxy(ω) , P[ψxy < ω]=1−
mxy−1∑
i=0
(mxyω)
i
i!
e−mxyω, (4)
where mxy ∈ Z
+ is the fading parameter, with LoS links
typically exhibiting a larger value of mxy than NLoS links.
D. Power Control
As per the cellular systems currently deployed, we consider
fractional power control for all nodes. Accordingly, the power
transmitted per PRB by a given node x is adjusted depending
on the receiver y and can be computed as [34]
Px = min
{
Pmaxx , ρx · ζ
ǫx
xy
}
, (5)
where Pmaxx is given by the maximum transmit power over the
whole spectrum allocated to the node, divided by the number
of PRBs utilized by node x for transmission, i.e., Pmax/nx. In
(5), ρx is a parameter adjusted by the network, ǫx ∈ [0, 1] is
the fractional power control factor, and ζxy = τxy/gxy is the
large-scale fading between nodes x and y. The aim of (5) is
to compensate for a fraction ǫx of the large-scale fading, up
to a limit imposed by Pmaxx [31].
E. Key Performance Indicators
In what follows, we will analyze the coverage probability,
denoted by Cx for node x. This is defined as the complemen-
tary CDF (CCDF) of the SINR, i.e., the probability of the
SINR at node x, SINRx, being beyond a certain threshold T:
Cx(T) , P{SINRx > T}. (6)
TABLE I
NOTATIONS.
Notation Definition
λb (λu) BS (UAV) density
R¯u (σu) mean (scale parameter) of U2U distance
rM maximum U2U distance
p
L
xy (p
N
xy) probability of LoS (NLoS) between x and y
ν, ξ ∈ {L,N} superscripts denoting LoS or NLoS condition
αLxy (α
N
xy) LoS (NLoS) path loss exponent for x–y link
ψLxy (ψ
N
xy) LoS (NLoS) small-scale fading for x–y link
mLxy (m
N
xy) LoS (NLoS) Nakagami-m parameter for x–y link
gxy total antenna gain for x–y link
τˆLxy (τˆ
N
xy) LoS (NLoS) reference path loss
rxy (dxy) 2-D (3-D) distance for x–y link
hx (hxy) height of node x (difference between hx and hy)
Cu (Cg) U2U (GUE) coverage probability
T SINR threshold
Bt (n) total bandwidth (number of PRBs)
Bx (ηx) bandwidth (spectrum allocation factor) for x
Pu (Pg) UAV (GUE) transmit power
ρu (ρg) reference value for UAV (GUE) power control
ǫu (ǫg) UAV (GUE) power control factor
θt (N ) BS tilt angle (number of antenna elements)
Ixy aggregate interference imposed by x on y
N0 noise power
γ(·, ·) lower incomplete gamma function
Γ(·) Gamma function
2F1(·, ·; ·; ·) hypergeometric function
1(·) indicator function
Diz i-th derivative with respect to z
The rate Rx achievable by node x is related to its SINR as
Rx = Bx log2(1 + SINRx), with Bx denoting the bandwidth
accessed by node x. From the coverage probability, the cov-
erage rate probability can be obtained as the CCDF of the
achievable rate Rx at node x [35]:
P[Rx > T] = Cx(2
T/Bx − 1). (7)
III. EXACT PERFORMANCE ANALYSIS
Our U2U (resp. GUE UL) performance analysis is con-
ducted for a typical BS (resp. UAV) receiver located at the
origin. In what follows, uppercase and lowercase letters are
employed to respectively denote random variables and their
realizations, e.g., Ru and ru.
A. Exact U2U Coverage Probability
Underlay in-band U2U: We now derive the U2U link
coverage probability in the underlay.
Theorem 1. The underlay U2U coverage probability can be
obtained as
Cu(T) =
∑
ν∈{L,N}
∫ rM
0
fνRu(ru)C
ν
u|Ru(ru)dru. (8)
In (8), Cνu|Ru(ru) is the coverage probability of a U2U link
given its distance Ru = ru and the link condition ν (LoS or
NLoS), which is obtained as
C
ν
u|Ru(ru) =
mνuu−1∑
i=0
(−1)iqνu,i ·D
i
su
[
L
ν
Iu(su)
]
, (9)
where
qνu,i ,
e−N0su
i!
mνuu−1∑
j=i
N0
j−isuj
(j − i)!
, (10)
su ,
mνuuT
P νu (ru)ζ
ν
uu(ru)
−1 . (11)
In (9), Iu is the aggregate interference at the UAV receiver
caused by interfering UAVs and GUEs and is characterized
by its Laplacian, obtained as LνIu(su) = e
Λ(su) with
Λ(su)=−2π

λˆu ∑
ξ∈{L,N}
I
ξ
uu(su)+λb
∑
ξ∈{L,N}
I
ξ
gu(su)

, (12)
where for ξ ∈ {L,N}
I
ξ
xy =
∫ ∞
0
fLRx(x)
∞∑
i=1
[
pξxy(ri−1)−p
ξ
xy(ri)
]
Ψξxy (s, ri)︸ ︷︷ ︸
at Px = P
L
x
dx
+
∫ ∞
0
fNRx(x)
∞∑
i=1
[
pξxy(ri−1)−p
ξ
xy(ri)
]
Ψξxy (s, ri)︸ ︷︷ ︸
at Px = P
N
x
dx.
(13)
In (13), pξxy(r0) , 0, and
Ψξxy(s, r) ,
r2 + h2xy
2
[
1−
(
m
m+ µ(s, r)
)m]
−K(s, r) 2F1
(
1 + m, 1− β; 2− β;−
µ(s, r)
m
)
,
(14)
where 2F1(·) is the Gauss hypergeometric function,m = m
ξ
xy,
β = 2
αξxy
, s = sy
gxy
τˆξxy
, and
µ(s, r) ,
sPx
(r2+h2xy)
1/β
, K(s, r) ,
sPx
2(1−β) (r2+h2xy)
1/β−1 .
(15)
Proof. See Appendix A.
Remark 1. In order to compute the coverage probability in
(9), one needs to calculate the derivatives of LνIu(su). Such
derivation can be performed as explained in Appendix B.
Overlay in-band U2U: The overlay U2U coverage prob-
ability can be obtained by setting λb = 0 and λˆu = λu
in Theorem 1. In this case, UAVs only perceive interference
generated by other UAVs, and hence one can write for the
Laplacian of the aggregate interference in (9)
L
ν
Iu(su) = e
−2πλu
∑
ξ∈{L,N}I
ξ
uu(su). (16)
B. Exact GUE UL Coverage Probability
Underlay in-band U2U: We now obtain the GUE UL
coverage probability in the underlay, i.e., the CCDF of the
UL SINR experienced by a GUE in the presence of U2U
communications sharing the same spectrum.
Theorem 2. The underlay GUE UL coverage probability is
given by
Cg(T) =
∑
ν∈{L,N}
∫ ∞
0
fνRg(rg)C
ν
g|Rg(rg) drg, (17)
where Cνg|Rg(rg) is the GUE coverage probability given the
distance to the typical BS, i.e., Rg = rg and its condition ν,
i.e., LoS or NLoS, which can be expressed as
C
ν
g|Rg(rg) =
mνgb−1∑
i=0
(−1)iqνg,i ·D
i
sg
[
L
ν
Ig (sg)
]
, (18)
and where
qνg,i ,
e−sgN0
i!
mνgb−1∑
j=i
N0
j−isjg
(j − i)!
, (19)
sg ,
mνgbT
P νg (rg)ζ
ν
gb(rg)
−1 . (20)
In (18), the interference is characterized by its Laplacian,
which is obtained as
LIg = e
−2πλˆu
∑
ξ∈{L,N} I
ξ
ug · e−(2πλb)
2∑
ξ∈{L,N} I
ξ
gg , (21)
where Iξug is
I
ξ
ug=
∫ ∞
0
fLRu(x)
∞∑
i=1
p
ξ
ub(ri)
(
Ψξub (s, ri+1)−Ψ
ξ
ub (s, ri)︸ ︷︷ ︸
at Pu = P
L
u
)
dx
+
∫ ∞
0
fNRu(x)
∞∑
i=1
p
ξ
ub(ri)
(
Ψξub (s, ri+1)−Ψ
ξ
ub (s, ri)︸ ︷︷ ︸
at Pu = P
N
u
)
dx,
(22)
with s = sg
gub(ri)
τˆξub
, whereas
I
ξ
gg=
∫ ∞
0
pLgb(x)xe
−λbπx2
×
∞∑
i=j(x)
p
ξ
gb(ri)
(
Ψξgb (s, ri+1)−Ψ
ξ
gb (s, ri)︸ ︷︷ ︸
at Pg = P
L
g
)
dx
+
∫ ∞
0
pNgb(x)xe
−λbπx2
×
∞∑
i=j(x)
p
ξ
gb(ri)
(
Ψξgb (s, ri+1)−Ψ
ξ
gb (s, ri)︸ ︷︷ ︸
at Pg = P
N
g
)
dx,
(23)
with s = sg
ggb(ri)
τˆξgb
. In (22) and (23), Ψξub and Ψ
ξ
gb are
obtained from (14). In (23), j(x) is the index such that
x ∈ [rj(x), rj(x)+1] holds and we replace rj(x) with x in the
equation.
Proof. See Appendix C.
TABLE II
VALUES OF bxy AS A FUNCTION OF mxy .
mxy 1 2 3 4 5
bxy 1 1.487 1.81 2.052 2.246
mxy 6 7 8 9 10
bxy 2.408 2.546 2.668 2.775 2.872
Overlay in-band U2U: The GUE coverage probability in
the overlay is obtained by replacing λˆu = 0 in Theorem 2.
IV. APPROXIMATED PERFORMANCE ANALYSIS
While exact, the expressions obtained in Section III for
the coverage probability may require a considerable effort
to be numerically evaluated, particularly for what concerns
computing the derivatives of the Laplacian (see Appendix B).
In this section, we provide simpler, tight approximations based
on practical assumptions.
A. Preliminaries
In order to obtain more compact analytical expressions, we
employ the following approximations whose accuracy will be
validated in Section V.
Approximation 1. We approximate the CDF of the Nakagami-
m small-scale fading power ψxy in (4) as
Fψxy(ω) ≈
(
1− e−bxy ω
)mxy
, (24)
where bxy is a function of mxy provided in Table II.
Approximation 1 is inspired by [35] and allows to derive
closed-form expressions for the Laplacian of the interference,
and in turn for the coverage probability. The value of bxy is
obtained through curve fitting.
Approximation 2. We neglect the interference caused by
NLoS UAV-to-UAV, GUE-to-UAV, and UAV-to-BS links.
Approximation 2 holds due to a high probability of having
LoS links dominating the interference [18], [20], [31].
Approximation 3. We approximate the UAVs transmit power,
which is a random variable, with its mean value.2
Approximation 3 is motivated by the fact that U2U links
tend to undergo LoS conditions, and thus a lower path loss
exponent [31]. This implies a lower variation of the UAV
transmit power with respect to its distance from the receiver.
This approximation removes one integral in the computation
of the coverage probability.
2The distribution of the UAV transmit power in turn depends on the
probability of LoS between any pair of nodes. In Section V, Proposition 1,
we calculate the mean UAV transmit power for the case where the probability
of LoS follows the well known ITU model [36].
B. Approximated U2U Coverage Probability
Underlay in-band U2U: We now make use of the afore-
mentioned approximations to obtain a more compact form for
the U2U coverage probability in the underlay.
Corollary 1. Under Approximations 1-3, the underlay U2U
coverage probability is given by
Cu(T) =
∫ rM
0
fLRu(ru)C
L
u|Ru(ru)dru, (25)
where
C
L
u|Ru(ru) =
mLuu∑
i=1
(
mLuu
i
)
(−1)i+1e−z
L
u,iN0 · LLIu(z
L
u,i), (26)
L
L
Iu(z
L
u,i) = e
−2πλˆuILuu︸ ︷︷ ︸
due to LoS UAVs
· e−2πλbI
L
gu︸ ︷︷ ︸
due to LoS GUEs
, (27)
and
I
L
uu =
∞∑
j=1
[
pLuu(rj−1)− p
L
uu(rj)
]
ΨLuu (s, rj)︸ ︷︷ ︸
at Pu = P¯u
, (28)
with ILgu and Ψ
L
uu defined in Theorem 1 and
s = zLu,i
guu
τˆLuu
; zLu,i =
ibLuuT
PLu ζ
L
uu(ru)
−1 . (29)
Proof. See Appendix D.
Overlay in-band U2U: Under Approximations 1-3, the
overlay U2U coverage probability can be obtained from Corol-
lary 1 by substituting λb = 0, λˆu = λu, and
L
L
Iu(z
L
u,i) = e
−2πλuILuu(zLu,i), (30)
since the aggregate interference only includes the UAV-
generated one.
C. Approximated GUE UL Coverage Probability
Underlay in-band U2U: Similarly, we now make use of the
proposed approximations to obtain a more compact form for
the GUE UL coverage probability in the underlay.
Corollary 2. Under Approximations 1-3, the underlay GUE
UL coverage probability is given by
Cg(T) =
∑
ν∈{L,N}
∫ ∞
0
fνRg(rg)C
ν
g|Rg(rg) drg, (31)
where
C
ν
g|Rg(rg) =
mνgb∑
i=1
(
mνgb
i
)
(−1)i+1e−z
ν
g,iN0 · LνIg (z
ν
g,i), (32)
and
L
ν
Ig (z
ν
g,i) = e
−2πλˆuILug︸ ︷︷ ︸
due to LoS UAVs
· e−2πλb
∑
ξ∈{L,N} I
ξ
gg︸ ︷︷ ︸
due to GUEs
. (33)
In (33), ILug is given by
I
L
ug =
∞∑
j=1
pLub(rj)
(
ΨLub (s, rj+1)−Ψ
L
ub (s, rj)︸ ︷︷ ︸
at Pu = P¯u
)
, (34)
TABLE III
SYSTEM PARAMETERS
Deployment
BS distribution PPP with λb = 5 / Km
2, hb = 25 m
GUE distribution One active GUE per cell, hg = 1.5 m
UAV distribution λu=1 / Km2, R¯u=100m, hu=100m
Channel model
Ref. path loss [dB]
τˆL
gb
= 28 + 20 log10(fc) (fc in GHz)
τˆN
gb
= 13.54 + 20 log10(fc)
τˆL
ub
= 28 + 20 log10(fc)
τˆN
ub
= −17.5 + 20 log10(40πfc/3)
τˆLgu = 30.9 + 20 log10(fc)
τˆNgu = 32.4 + 20 log10(fc)
τˆLuu = 28 + 20 log10(fc)
τˆNuu = −17.5 + 20 log10(40πfc/3)
Path loss exponent
αL
gb
= 2.2, αN
gb
= 3.9
αL
ub
= 2.2, αN
ub
= 4.6− 0.7 log10(hu)
αLgu = 2.225− 0.05 log10(hu)
αNgu = 4.32− 0.76 log10(hu)
αLuu = 2.2, α
N
uu = 4.6− 0.7 log10(hu)
Small-scale fading Nakagami-m with mξxy = 1 for NLoS links,
mξxy = 3 for LoS GUE links, and m
ξ
xy = 5
for LoS UAV links
Prob. of LoS ITU model as per (37)
Thermal noise -174 dBm/Hz with 7 dB noise figure
PHY
Spectrum
Carrier frequency: 2 GHz
Bandwidth: 10 MHz with 50 PRBs
BS array configu-
ration
8 × 1 vertical, 1 RF chain, downtilt: 102◦ ,
element gain as in (2), spacing: 0.5 λ
Power control Fractional, based on GUE-to-BS (resp. U2U)
large-scale fading for GUEs (resp. UAVs),
with ǫg = ǫu = 0.6, ρg = ρu = −58 dBm,
and Pmaxg = P
max
u = 24 dBm [34]
GUE/UAV antenna Omnidirectional with 0 dBi gain
whereas Iξgg and Ψ
L
ub are provided in Theorem 2 where we
replace sg with
zνg,i =
ibνgbT
P νg ζ
ν
gb(ru)
−1 . (35)
Proof. Similar to proof of Corollary 1 and thus omitted.
Overlay in-band U2U: Under Approximations 1-3, the
overlay GUE UL coverage probability can be obtained from
Corollary 2 by replacing λˆu = 0, since the aggregate interfer-
ence only includes the GUE-generated one.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, we first validate our analysis and then
characterize the performance of U2U and GUE UL cellular
communications under overlay and underlay spectrum shar-
ing strategies. Specifically, we consider an urban scenario,
and we concentrate on evaluating how aerial and ground
communications are affected by the UAV altitude, density,
power control, link distance, and resource utilization. Unless
otherwise specified, the system parameters are included in
Table III and follow the 3GPP specifications in [31].
A. Preliminaries
While our analysis holds for any transmit/receive UAV
height, in the following we assume all UAVs to be located at
the same height hu, to evaluate the impact of such parameter.
We model the U2U link distance Ru via a truncated
Rayleigh distribution with probability density function (PDF)
fRu(ru) =
rue
−r2u/(2σ2u)
σ2u
(
1− e−r2M/(2σ2u)
) · 1(ru < rM), (36)
where rM is the maximum U2U link distance, 1(·) is the
indicator function, and σu is the Rayleigh scale parameter,
related to the mean distance R¯u through σu =
√
2
π R¯u.
As for the probability of LoS between any pair of nodes x
and y, we employ the well known ITU model [18], [36]:
pLxy(r)=
⌊ r
√
a1a2
1000 −1⌋∏
j=0

1−exp

−
[
hx−
(j+0.5)(hx−hy)
k+1
]2
2a23



, (37)
where {a1, a2, a3} are environment-dependent parameters set
to {0.3, 500, 20} to model an urban scenario. The probability
of NLoS is simply obtained as pNxy(r) = 1− p
L
xy(r).
Employing (36) and (37), the mean UAV transmit power is
then obtained as follows.
Proposition 1. The mean UAV transmit power is given by
E[Pu] =
∑
ν∈{L,N}
[
j∑
i=1
[Cνi − C
ν
i+1] γ
(
1 +
ανuuǫu
2
, yi+1
)
+
k+1∑
i=j+1
[Bνi −B
ν
i−1] e
−yi
]
,
(38)
where
Cνi =
(2σ2u)
ανuuǫu/2ρu (τˆ
ν
uu/guu)
ǫu
1− e−r2M/(2σ2u)
· pνuu(ri), for i > 0, (39)
Bνj = 0, B
ν
k+1 = 0, and
Bνi =
Pmaxu p
ν
uu(ri)
1− e−r2M/(2σ2u)
; i > j, (40)
and where j = ⌊
rνm
√
a1a2
1000 ⌋ + 1, k = ⌊
rM
√
a1a2
1000 ⌋ + 2, yi =
r2i
2σ2u
, rk = rM , and rj+1 = r
ν
m. The latter is the distance at
which the UAV reaches its maximum allowed transmit power,
which depends on the link condition (LoS vs. NLoS) and can
be obtained from (5) as follows
rνm =
(
guu
τˆνuu
)1/ανuu
·
(
Pmaxu
ρu
)1/(ανuuǫu)
. (41)
Proof. See Appendix E.
B. Analysis Validation and Impact of UAV Height
Fig. 2 shows the coverage probability for GUE UL and U2U
links in the underlay, with ηu = 1, obtained in three different
ways: (i) with our approximated analysis in Section IV,
(ii) through our exact analysis in Section III, and (iii) via
simulations. The three sets of curves exhibit a close match,
Fig. 2. Underlay coverage probability obtained via approximated analysis
(solid), exact analysis (dotted), and simulations (dashed).
thus validating our analysis for the underlay and—as a special
case—for the overlay too.
Fig. 3 shows the CCDF of the SINR per PRB in the
underlay, with ηu = 1, experienced by: (i) U2U links, (ii) the
UL of GUEs in the presence of U2U links, and (iii) the UL of
GUEs without any U2U links. For (i) and (ii), we consider two
UAV heights, namely 50 m and 150 m. In this figure, markers
denote values obtained through our approximated expressions
derived in Section IV, whereas solid/dashed/dotted lines are
obtained via simulations. Again, all curves show a close match,
thus validating our analysis. Fig. 3 also allows to make a
number of important observations:
• U2U communications degrade the UL performance of
GUEs. However, for the scenario where the UAVs fly at
50 m, such performance loss amounts to less than 3 dB
in median, since (i) BSs perceive interfering UAVs through
their antenna sidelobes, and (ii) UAVs generally transmit
with low power due to the good U2U channel conditions.
• The U2U performance degrades as UAVs fly higher, due to
an increased UAV-to-UAV and GUE-to-UAV interference.
The former is caused by a higher probability of LoS between
a receiving UAV and interfering UAVs. The latter is caused
by a higher probability of LoS between a receiving UAV
and interfering GUEs, whose effect outweighs having larger
GUE-UAV distances.
• The GUE UL performance also degrades as UAVs fly
higher. However, this degradation is less significant than that
experienced by the U2U links, since interference generated
by GUEs in other cells is dominant.
After having validated their accuracy, in the remainder of
this section we will use the expressions obtained through our
approximated analysis in Section IV.
C. Effect of Power Control and Resource Allocation
Fig. 4 shows the probability of experiencing SINRs per PRB
larger than -5 dB for both U2U and GUE UL in the underlay,
with ηu = 1, as a function of ǫu. We also consider three
different values for the mean U2U distances R¯u, namely 50 m,
Fig. 3. CCDF of the SINR per PRB experienced by: (i) U2U links, (ii) GUE
UL in the presence of U2U links, and (iii) GUE UL without U2U links, in
the underlay and for hu = {50, 150} m. Curves and markers are respectively
obtained via simulations and through our approximated analysis in Section IV.
100 m, and 150 m. Fig. 4 allows us to draw the following
conclusions:
• The UAV power control policy has a significant impact on
the performance of both U2U and GUE UL.3 There exists
an inherent tradeoff, whereby increasing ǫu improves the
former at the expense of the latter:
– For 0 < ǫu < 0.4, the U2U performance is deficient, since
UAVs use a very low transmission power. In this range,
the GUE UL performance is approximately constant,
since the GUE-generated interference is dominant.
– For 0.4 < ǫu < 0.9, the U2U performance increases at
the expense of the GUE UL.
– For ǫu > 0.9, the U2U performance saturates and that of
the GUEs stabilizes, since almost all aerial devices reach
their maximum transmit power.
• Smaller U2U link distances—for fixed UAV density—
correspond to a better U2U performance for all values of
ǫu. This is because (i) UAVs perceive larger received signal
powers for decreasing R¯u, since the path loss of the U2U
links diminishes faster than the UAV transmit power when
R¯u lessens, and (ii) the reduced UAV-to-UAV interference
due to the smaller transmission power employed by UAVs.
• The GUE UL also benefits from smaller U2U link distances
when ǫu > 0.4, since UAVs lower their transmit power and
therefore reduce the UAV-to-BS interference.
Fig. 5 shows the probability of experiencing SINRs per
PRB larger than -5 dB for the GUE UL and U2U links in
the underlay. We consider four configurations of the UAV
fractional power control factor and spectrum access factor,
i.e., ǫu = {0.6, 0.8} and ηu = {0.1, 0.5}, and two values
of the UAV density, i.e., λu = {1e-6, 5e-6}, corresponding
to red and blue markers, respectively. Notably, the results of
3We refer the interested reader to [1, Fig. 3] for a detailed breakdown of
(i) the mean useful received power, (ii) the mean interference power received
from GUEs, and (iii) the mean interference power received from UAVs, for
both U2U and GUE UL links, as a function of the UAV fractional power
control factor ǫu.
Fig. 4. Probability of having SINRs > −5 dB for U2U and GUE UL links
in the underlay vs. the UAV fractional power control factor ǫu, and for R¯u =
{50, 100, 150}.
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Fig. 5. Probability of having SINRs > −5 dB for U2U and GUE UL links
in the underlay for various combinations of ǫu, ηu, and λu.
Fig. 5 demonstrate how increasing ηu, i.e., the number of
PRBs allocated to UAV pairs, causes a sharp performance
degradation for GUEs, except for the case where both the
UAV density and the UAV transmit powers are constrained
(λu = 1e-6, ǫu = 0.6). As expected, also increasing the
UAV density or transmit power generates more interference
to the GUE UL, reducing the SINR. As for the U2U link
performance, this remains almost constant with respect to ηu
for λu = 1e-6, when UAV-to-UAV interference is negligible,
whereas it decreases for λu = 5e-6, when UAV-to-UAV
interference is more pronounced.
D. Coverage Rate Comparison: Underlay vs. Overlay
Fig. 6 and Fig. 7 show the CCDF of the coverage rate for
U2U links and GUE UL, respectively, when ηu = 0.1, i.e.,
UAVs access five PRBs out of 50, in the underlay or in the
overlay.
Fig. 6 provides the following insights:
Fig. 6. Coverage rate for U2U links with underlay and overlay, for various
values of ǫu and λu, with UAVs accessing five PRBs (ηu = 0.1).
• In the overlay, the U2U coverage rate is only affected by
UAV-to-UAV interference. Higher UAV densities thus have
a more noticeable impact on the coverage rates than the
UL power control strategy does. This can be observed by
comparing scenarios with λu = 1e-6 (circled dotted red
and circled dash-dotted purple curves) to scenarios with
λu = 5e-6 (resp. circled solid green and circled dashed blue
curves).
• In the underlay, the U2U coverage rate is mostly affected
by GUE-generated interference. Indeed, the rate degradation
caused by increasing λu from 1e-6 to 5e-6 is limited when
ǫu = 0.8 (thick dash-dotted purple vs. dashed blue curves)
and almost negligible when ǫu = 0.6 (thick dotted red vs.
solid green curves).
• Comparing underlay vs. overlay, a crossover can be ob-
served between green solid lines (ǫu = 0.6, λu = 5e-
6). This can be explained as follows. The upper part of
the underlay CCDF corresponds to the worst U2U links—
severely interfered by GUEs—which are better off in the
overlay, where such interference is not present. The lower
part of the underlay CCDF corresponds to the best U2U
links—those not severely interfered by GUEs, for which
UAV-to-UAV interference is dominant—that are worse off
in the overlay, where all UAV interferers are concentrated
on each PRB.
On the other hand, Fig. 7 demonstrates that in order to
maintain a high GUE UL rate, one should (i) adopt an overlay
spectrum sharing approach, or (ii) limit the power employed
by the UAVs in the underlay, i.e., set ǫu = 0.6. However, we
may also see from Fig. 6 that setting ǫu = 0.6 strongly reduces
the U2U rates—almost by one order of magnitude in median
for both λu = 1e-6 (thick dash-dotted purple vs. thick dotted
red curves) and λu = 5e-6 (thick dashed blue vs. thick solid
green curves).
For ease of interpretation, Fig. 8 combines Fig. 6 and Fig. 7,
illustrating the tradeoff between (i) the probability that U2U
achieve rates of less than 100 kbps—a requirement set by the
3GPP for command and control information exchange [31]—,
Fig. 7. Coverage rate for GUE UL with underlay and overlay, for various
values of ǫu and λu, with UAVs accessing five PRBs (ηu = 0.1).
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Fig. 8. Tradeoff between (i) satisfying a requirement rate of 100 kbps for U2U
links, and (ii) achieving a large rate for the 5%-worst GUEs with underlay
and overlay, for λu = {1e-6, 5e-6} and ǫu = {0.6, 0.8}.
and (ii) the rates achieved by the 5%-worst GUEs. We consider
two cases for the UAV density, namely λu = {1e-6, 5e-6}, and
four combinations for the spectrum sharing approach, namely
{underlay, overlay} and ǫu = {0.6, 0.8}. We can observe from
Fig. 8 that, for both values of the UAV density λu, the overlay
spectrum sharing approach is capable of offering the best
guaranteed GUE UL performance, while generally allowing
a larger number of UAVs to achieve rates of 100 kbps.
VI. CONCLUSION
In this article, we provided an analytical framework to
evaluate the performance of an uplink cellular network with
both underlayed and overlayed U2U communications, while
considering a realistic channel model, antenna pattern, and
power control policy. In particular, we first derived exact
analytical expressions for the coverage probability of all nodes,
and then proposed practical assumptions that yield tight and
compact approximations.
We found that in the underlay, (i) communications between
pairs of close-by UAVs do not have a dramatic effect on the
GUE UL—since the strong U2U channel gains allow UAVs to
lower their transmit power—, and (ii) the U2U rate degradation
caused by increasing the UAV density is limited—since the
interference on U2U links is dominated by GUE transmissions.
Instead, higher UAV densities result in lower U2U rates in the
overlay, owing to all UAVs sharing the same resources without
frequency hopping.
All in all, our results showed that overlaying U2U and GUE
UL communications may be the preferable alternative in an
urban scenario for simultaneously (i) maximizing the GUE UL
performance, and (ii) guaranteeing a minimum U2U coverage
rate of 100 kbps to the majority of UAV pairs.
APPENDIX
A. Proof of Theorem 1
To obtain the U2U coverage probability, we can write
Cu = P
[
Puζ
−1
uu ψuu
N0 + Iu
> T
]
=
∑
ν∈{L,N}
∫ rM
0
C
ν
u|Ru(ru) f
ν
Ru(ru) dru,
(42)
where fνRu(ru) = fRu(ru) · p
ν
uu(ru) and
C
ν
u|Ru(ru) , P
[
P νu ζ
ν
uu(ru)
−1 ψνuu
N0 + Iu
> T
]
. (43)
C
ν
u|Ru(ru) can be obtained as follows
C
ν
u|Ru(ru) = EIu
{
P
[
ψνuu >
T
P νu ζ
ν
uu(ru)
−1 (N0 + Iu)
]}
(a)
= EIu


mνuu−1∑
i=0
su
i
i!
(N0 + Iu)
ie−su(N0+Iu)


= EIu


mνuu−1∑
i=0
su
i
i!
e−N0su
i∑
j=0
(
i
j
)
N0
i−jIuje−suIu


=
mνuu−1∑
i=0
qνu,i · EIu
{
Iu
ie−suIu
}
=
mνuu−1∑
i=0
(−1)iqνu,i ·D
i
su
[
L
ν
Iu(su)
]
, (44)
where (a) is obtained using the CDF of the small-scale fading
in (4). As for the Laplacian of the interference in (44), we can
write
L
ν
Iu(su)=L
ν
ILgu
(su)·L
ν
INgu
(su)·L
ν
ILuu
(su)·L
ν
INuu
(su), (45)
where Iξxy is the interference imposed by nodes x of condition
ξ on y. Each term in (45) can be characterized as follows:
L
ν
Iξxy
= e−2πλxI
ξ
xy ; ξ ∈ {L,N}, (46)
where λg = λb accounts for the density of active GUEs, and
I
ξ
xy =
∫ ∞
0
pξxy(r)
(
1− EPx,ψξxy
[
e−syPx ζ
ξ
xy(r)
−1 ψξxy
] )
r dr
=
∞∑
i=1
pξxy(ri) EPx,ψξxy
[∫ ri+1
ri
(
1− e−sPx d
−αξxy
xy ψ
ξ
xy
)
r dr
]
,
(47)
where s = sy
gxy(ri)
τˆξxy
. In the following, we calculate the integral
term in the right-hand side of (47). Let us consider a change
of variable as ω = sPx d
−αξxy
xy ψξxy, which yields∫ ri+1
ri
(
1− e−sPx d
−αξxy
xy ψ
ξ
xy
)
r dr
=
(sPxψ
ξ
xy)
βξxy
αξxy
∫ ω1
ω2
ω−1−β
ξ
xy(1− e−ω)dω,
(48)
where βξxy , 2/α
ξ
xy, ω1 = µ1ψ
ξ
xy, ω2 = µ2ψ
ξ
xy and
µ1 ,
sPx
(r2i + h
2
xy)
αξxy/2
, µ2 ,
sPx
(r2i+1 + h
2
xy)
αξxy/2
. (49)
The integral in the right-hand side of (48) is equal to∫ ω1
ω2
ω−1−β
ξ
xy(1 − e−ω)dω =
αξxy
2
[
ω
−βξxy
2 (1− e
−ω2)
− ω
−βξxy
1 (1− e
−ω1) +
∫ ω1
ω2
ω−β
ξ
xye−ω dω
]
,
(50)
in which integration by parts is applied. Also, the integral in
the right-hand side of (50) can be written as∫ ω1
ω2
ω−β
ξ
xye−ω dω = γ
(
1− βξxy, ω1
)
− γ
(
1− βξxy, ω2
)
,
(51)
where we used the definition of the incomplete gamma
function. Therefore, by substituting (51) into (50), and the
corresponding result into (48), we obtain∫ ri+1
ri
(
1− e−sPx d
−αξxy
xy ψ
ξ
xy
)
r dr (52)
=
r2i+1 + h
2
xy
2
(1 − e−µ2ψ
ξ
xy)−
r2i + h
2
xy
2
(1− e−µ1ψ
ξ
xy)
+
(sPxψ
ξ
xy)
βξxy
2
[
γ
(
1− βξxy, µ2ψ
ξ
xy
)
− γ
(
1− βξxy, µ1ψ
ξ
xy
) ]
.
In order to obtain the expectation in the right-hand side of
(47), we note that for Nakagami-m fading ψ with parameter
m we have
Eψ
[
e−µψ
]
=
(
1 +
µ
m
)−m
. (53)
Also, by using [37, eq. 6.455] we obtain
Eψ
[
ψβγ (1− β, µψ)
]
=
mm
Γ(m)
∫ ∞
0
ωβ+m−1e−mω γ (1− β, µω) dω
=
mm
Γ(m)
·
µ1−βΓ(m + 1)
(1− β)(m + µ)1+m
2F1
(
1, 1 + m; 2− β;
µ
µ+m
)
=
m1+mµ1−β
(1 − β)(m + µ)1+m
2F1
(
1, 1 + m; 2− β;
µ
µ+m
)
.
(54)
Now following the transformation properties of the hypergeo-
metric function [37, eq. 9.131] we can write
2F1
(
1, 1 + m; 2− β;
µ
µ+m
)
=
(
m
µ+m
)−1−m
2F1
(
1 + m, 1− β; 2− β;−
µ
m
)
.
(55)
Therefore by using (52)–(55) we have
Eψξxy
[∫ ri+1
ri
(
1− e−sPx d
−αξxy
xy ψ
ξ
xy
)
r dr
]
= Ψξxy (s, ri+1)−Ψ
ξ
xy (s, ri) ,
(56)
and accordingly by replacing (56) into (47) we conclude
I
ξ
xy = EPx
[ ∞∑
i=1
pξxy(ri)
(
Ψξxy (s, ri+1)−Ψ
ξ
xy (s, ri)
)]
=
∫ ∞
0
fLRx(x)
∞∑
i=1
pξxy
(
Ψξxy (s, ri+1)−Ψ
ξ
xy (s, ri)︸ ︷︷ ︸
computed at PLx
)
dx
+
∫ ∞
0
fNRx(x)
∞∑
i=1
pξxy
(
Ψξxy (s, ri+1)−Ψ
ξ
xy (s, ri)︸ ︷︷ ︸
computed at PNx
)
dx.
(57)
Using
∞∑
i=1
pξxy(ri)
(
Ψξxy (s, ri+1)−Ψ
ξ
xy (s, ri)
)
=
∞∑
i=1
[
pξxy(ri−1)− p
ξ
xy(ri)
]
Ψξxy (s, ri)
(58)
in (57) completes the proof.
B. Calculating the Derivatives of the Laplacian LνIu (su)
In the following we explain the recursive computation of
the Laplacian’s dervative. According to the formula of Leibniz
[38], for the i-th derivative of LIu(su) in (9) we can write
Disu [L
ν
Iu(su)] =
i−1∑
j=0
(
i− 1
j
)
D(i−j)su [Λ(su)] ·D
j
su [L
ν
Iu(su)],
(59)
where the i-th derivative of Λ(su) can be written as
Disu [Λ] = −2π
(
λu
∑
ξ∈{L,N}
Disu [I
ξ
uu] + λb
∑
ξ∈{L,N}
Disu [I
ξ
cu]
)
,
(60)
with the i-th derivative of Iξxy being
Disu [I
ξ
xy]
=
∫ ∞
0
fLRx(x)
∞∑
i=1
[
pξxy(ri−1)− p
ξ
xy(ri)
]
Disu [Ψ
ξ
xy] dx
+
∫ ∞
0
fNRx(x)
∞∑
i=1
[
pξxy(ri−1)− p
ξ
xy(ri)
]
Disu [Ψ
ξ
xy] dx,
(61)
and the i-th derivative of Ψξxy being
Disu [Ψ
ξ
xy] = −
r2 + h2xy
2
Disu
[(
m
m+ µ
)m]
−Disu
[
K 2F1
(
1 + m, 1 − β; 2− β;−
µ
m
)]
.
(62)
From (15) one can see that µ is a linear function of s and
hence a linear function of su, and therefore can be written as
µ = ℓ1 · su where ℓ1 is a new parameter independent from su.
Therefore one can see
Disu
[(
m
m+ µ
)m]
= Disu
[
(1 + ℓ2 · su)
−m
]
= (−1)i(m)iℓ
i
2 (1 + ℓ2 · su)
−m−i
,
(63)
where (m)i ,
(m+i−1)!
(m−1)! , and ℓ2 = ℓ1/m.
Also from (15) we find out that K has linear dependency on
s and equivalently su, and therefore can be stated as K = ℓ3 ·su
where ℓ3 is a parameter with no dependency on su. Thus, one
can write
Disu
[
K 2F1
(
1 + m, 1− β; 2− β;−
µ
m
)]
= KDisu
[
2F1
(
1 + m, 1− β; 2− β;−
µ
m
)]
+ iℓ3D
i−1
su
[
2F1
(
1 + m, 1− β; 2− β;−
µ
m
)]
,
(64)
where from [39, eq. 1.29.1] we have
Disu
[
2F1
(
1 + m, 1− β; 2− β;−
µ
m
)]
=
(
−ℓ1
m
)i
(m + 1)i(1− β)i
(2− β)i
× 2F1
(
1 + m+ i, 1− β + i; 2− β + i;−
µ
m
)
.
(65)
By using (65), we obtain (64). Subsequently, (61) can be
computed by substituting (64) and (63) into (62), which com-
pletes the recursive computation of the Laplacian’s derivative.
C. Proof of Theorem 2
To obtain the GUE UL coverage we can write
Cg = P
[
Pgζ
−1
gb ψgb
N0 + Ig
> T
]
=
∑
ν∈{L,N}
∫ ∞
0
C
ν
g|Rg(rg) f
ν
Rg(rg) drg, (66)
where, similarly to (44), we have
C
ν
g|Rg(rg) , P
[
P νg ζ
ν
gb(rg)
−1 ψνgb
N0 + Ig
> T
]
=
mνgb−1∑
i=0
(−1)iqνg,i ·D
i
sg
[
L
ν
Ig (sg)
]
. (67)
The Laplacian of the aggregate interference, i.e. LνIg (sg) in
(67), can be derived as follows
L
ν
Ig (sg) = L
ν
ILug
(sg) · L
ν
INug
(sg) · L
ν
ILgg
(sg) · L
ν
INgg
(sg), (68)
where LILug and LINug are obtained similarly to (57). To
characterize the interference from other GUEs, i.e. Iξgg, we
can write
LIξgg
= e
−2π ∫∞
0
λˆg(r)
(
1−E
Pg,ψ
ξ
gb
[
e
−sgPg ζξgb(r)
−1 ψξ
gb
])
r dr
,
(69)
which can be stated as LIξgg = e
−(2πλb)2 Iξgg with
I
ξ
gg =
∑
ν∈{L,N}
∫ ∞
0
p
ξ
gb(r)×
∫ r
0
pνgb(x)xe
−λbπx2
(
1− Eψξgb
[
e
−
sgP
ν
g (x)ψ
ξ
gb
ζ
ξ
gb
(r)
])
dx r dr.
(70)
We rewrite the above integral as∫ ∞
0
p
ξ
gb(r)
∫ r
0
pνgb(x)xe
−λbπx2
×
(
1− Eψξgb
[
e
−
sgP
ν
g (x)ψ
ξ
gb
ζ
ξ
gb
(r)
])
dx r dr
=
∫ ∞
0
pνgb(x)xe
−λbπx2
∫ ∞
x
p
ξ
gb(r)
×
(
1− Eψξgb
[
e
−
sgP
ν
g (x)ψ
ξ
gb
ζ
ξ
gb
(r)
])
r drdx,
(71)
where the inner integral can be derived as follows
∫ ∞
x
p
ξ
gb(r)
(
1− Eψξ
gb
[
e
−
sgP
ν
g (x)ψ
ξ
gb
ζ
ξ
gb
(r)
])
r dr
=
∞∑
i=j(x)
p
ξ
gb(ri)Eψξ
gb
[∫ ri+1
ri
(
1− e−sP
ν
g d
−αξ
gb
gb ψ
ξ
gb
)
r dr
]
=
∞∑
i=j(x)
p
ξ
gb(ri)
(
Ψξgb (s, ri+1)−Ψ
ξ
gb (s, ri)︸ ︷︷ ︸
at Pg = P
ν
g (x)
)
(72)
with s = sg
ggb(ri)
τˆξgb
. Note that we have approximated the BS
antenna gain as invariant within [ri, ri+1], so that ggb(r) =
ggb(ri) is a constant value. Such approximation holds tight as
the interval can be chosen as arbitrarily small.
Finally, (70) can be calculated by substituting (72) into (71),
and it can then be used in (69) to compute the Laplacian of
the interference in (68). Subsequently, using (68) in (67), and
the corresponding result in (66) concludes the proof.
D. Proof of Corollary 1
From Approximation 2, we have CNu|Ru(ru) = 0, thus
Cu =
∑
ν∈{L,N}
∫ rM
0
C
ν
u|Ru(ru) f
ν
Ru(ru) dru
=
∫ rM
0
fLRu(ru)C
L
u|Ru(ru)dru, (73)
where by using Approximation 1 we can write
C
L
u|Ru(ru) = EIu
{
P
[
ψLuu >
T
PLu ζ
L
uu(ru)
−1 (N0 + Iu)
]}
= 1− EIu
{
P
[
ψLuu <
T
PLu ζ
L
uu(ru)
−1 (N0 + Iu)
]}
≈ EIu


mLuu∑
i=1
(
mLuu
i
)
(−1)i+1e−z
L
u,i(N0+Iu)


=
mLuu∑
i=1
(
mLuu
i
)
(−1)i+1e−z
L
u,iN0 · EIu
{
e−z
L
u,iIu
}
=
mLuu∑
i=1
(
mLuu
i
)
(−1)i+1e−z
L
u,iN0 · LLIu (z
L
u,i). (74)
Under Approximation 2, we can neglect the interference
generated by NLoS links and obtain
L
L
Iu(z
L
u,i) = e
−2π(λˆuILuu+λbILgu). (75)
Corollary 1 then follows by deriving ILuu and I
L
gu from (57)
by replacing Pu with its mean, and by substituting I
L
uu and
ILgu into (75), (74), and (73).
E. Proof of Proposition 1
The mean UAV transmit power can be written as
E[Pu] =
∑
ν∈{L,N}
∫ rM
0
fνRu(ru)E [P
ν
u |Ru = ru] dru, (76)
where fνRu(ru) = fRu(ru) · p
ν
uu(ru) and where the integral in
(76) can be written as∫ rM
0
fνRu(ru)E [P
ν
u |Ru = ru] dru
=
∫ rνm
0
ρuζ
ǫu
uu · f
ν
Ru(ru) dru+
∫ rM
rνm
Pmaxu · f
ν
Ru(ru)dru.
(77)
The first integral on the right-hand side of (77) is equal to∫ rνm
0
ρuζ
ǫu
uu · f
ν
Ru(ru) dru
=
j∑
i=1
cνi
∫ ri+1
ri
ru
1+ανuuǫu · e−r
2
u/(2σ
2
u)dru
(78)
where
cνi =
ρu (τˆ
ν
uu/guu)
ǫu
σ2u[1− e
−r2M/(2σ2u)]
· pνuu(ri). (79)
With the change of variable y = r2u/2σ
2
u, we can write
cνi
∫ ri+1
ri
ru
1+ανuuǫu · e−r
2
u/(2σ
2
u)dru
= Cνi
∫ yi+1
yi
yα
ν
uuǫu/2 · e−ydy
= Cνi
(∫ yi+1
0
yα
ν
uuǫu/2 · e−ydy −
∫ yi
0
yα
ν
uuǫu/2 · e−ydy
)
= Cνi
[
γ(1+ανuuǫu/2, yi+1)−γ(1+α
ν
uuǫu/2, yi)
]
(80)
where yi =
r2i
2σ2u
and
Cνi =
(2σ2u)
ανuuǫu/2ρu (τˆ
ν
uu/guu)
ǫu
1− e−r2M/(2σ2u)
· pνuu(ri); i > 0, (81)
thus obtaining∫ rνm
0
fνRu(ru)E[ρuζ
ǫu
uu] dru
=
j∑
i=1
[Cνi − C
ν
i+1] γ(1 + α
ν
uuǫuk/2, yi+1)
, (82)
where Cνj+1 = 0.
Similarly, the second integral on the right-hand side of (77)
is equal to∫ rM
rνm
Pmaxu · f
ν
Ru(ru)dru =
k+1∑
i=j+1
[Bνi −B
ν
i−1] e
−r2i /(2σ2u),
(83)
where Bνj = 0, B
ν
k+1 = 0, and
Bνi =
Pmaxu p
ν
uu(ri)
1− e−r2M/(2σ2u)
; i > j. (84)
Proposition 1 then follows from substituting (82) and (83) into
(77), and then into (76).
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